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Homology modelling of an antimicrobial protein, Ace-AMP1,
from lipid transfer protein structures
Jérôme Gomar, Patrick Sodano, Marius Ptak and Françoise Vovelle
Background: Plant nonspecific lipid transfer proteins (ns-LTPs) are small basic
proteins that facilitate lipid shuttling between membranes in vitro. The function of
ns-LTPs in vivo is still unknown. It has been suggested, in relation to their lipid
binding ability, that they may be involved in cutin formation. Alternatively, they
may act in the plant defence system against pathogenic agents. Ace-AMP1 is an
antimicrobial protein extracted from onion seed that shows sequence homology
with ns-LTPs but that is unable to tranfer lipids. We have recently determined the
three-dimensional structure of wheat and maize ns-LTPs. In order to compare the
structural features of Ace-AMP1 and ns-LTPs, we have used the comparative
modelling software MODELLER to predict the structure of Ace-AMP1.
Results: The global fold of Ace-AMP1 is very similar to those of ns-LTPs,
involving four helices and a C-terminal tail without secondary structure elements.
The structure of maize and wheat ns-LTP is characterized by the existence of a
tunnel-like hydrophobic cavity in which a lipid molecule can be inserted. In the
Ace-AMP1 structure, this cavity is blocked by a number of bulky residues.
Similarly, the electrostatic potential contours of ns-LTPs show some common
features that were not observed in Ace-AMP1.
Conclusions: Although Ace-AMP1 displays a similar global fold to ns-LTPs, it
does not present a hydrophobic cavity, which may explain why Ace-AMP1
cannot shuttle lipids between membranes in vitro. The large differences in the
electrostatic properties of Ace-AMP1 and ns-LTPs suggest a different mode of
interaction with membranes.
Introduction
Ace-AMP1 is an antibiotic protein extracted from onion
seed (Allium cepa L.) whose activity, unlike that of other
plant seed antimicrobial proteins, shows little or no reduc-
tion at physiological concentrations of inorganic cations
[1]. Ace-AMP1 shows sequence homology to plant nonspe-
cific lipid transfer proteins (ns-LTPs), which facilitate the
inter-membrane transfer of a variety of lipids in vitro [2].
They form a group of low molecular weight (9 kDa)
homologous proteins with a high isoelectric point. Com-
parison of their amino acid sequences reveals a common
pattern of eight cysteines C--C--CC--CXC--C--C forming
four disulphide bridges [3]. The plant ns-LTPs exhibit
affinity for a broad range of phospholipids, fatty acids [4,5]
and acyl-coenzyme A esters [6].
Recently, we determined the solution structure of wheat
[7] and maize ns-LTPs [8] (NLTA_WHEAT and
NLTP_MAIZE, respectively). At the same time, the
crystal structure of the maize ns-LTP was published [9]
and detailed comparisons of NMR and X-ray structures
showed only minor differences (J Gomar, unpublished
data). More recently, the solution structure of a third plant
ns-LTP from barley seeds [10] has been reported
(NLT1_HORVU). The structures of these three plant ns-
LTPs exhibit very similar global folds; they all include
four helical fragments connected by three loops and a C-
terminal tail without regular secondary structure. A
hydrophobic pocket, in which a lipid can be inserted, runs
through the whole molecule [7–9].
So far, the biological function of plant ns-LTPs in vivo
has not been clearly established. On the basis of their
ability to transfer lipids in vitro, they were assumed to
play a role in membrane biogenesis by mediating the
transport of lipids from their site of biosynthesis to other
membranes [2]. However, analysis of different cDNAs
encoding plant ns-LTPs revealed the presence of a signal
peptide, suggesting the entry of ns-LTPs into the plant
secretory pathway [11–13]. Moreover, ns-LTPs have
been found predominantly in the cell wall of epidermal
cells [14–17]. This localization appears to be inconsistent
with a role in intracellular lipid trafficking. On this basis,
ns-LTPs were proposed to be involved in the formation
of cutin by transferring cutin monomers from their site of
synthesis through the cell wall of epidermal cells to their
site of polymerization [15,17]. It has also been shown that
several ns-LTPs are potent growth inhibitors of bacterial
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and fungal pathogens in vitro [1,18,19]. Hence, plant ns-
LTPs could play a role in the plant defence system.
However, not all ns-LTPs appear to possess antibiotic
activities [1]. Wheat ns-LTP, for example, has no antimi-
crobial activity, and maize ns-LTP shows only very weak
antimicrobial or antifungal activity. ns-LTPs are not
found in all cell types, and in some plant species, differ-
ent isoforms are expressed differently [13–16,20]. All
these results are in agreement with the hypothesis that
different types of ns-LTPs with different tissue speci-
ficity (and presumably different function) may coexist in
a given plant [19,21]. 
In this work, we are concerned with the determination of
the 3D structure of Ace-AMP1. Although, Ace-AMP1 has
been classified as a member of the ns-LTP family on the
basis of sequence homologies, it is unable to transfer
either phosphatidylcholine or phosphatidylinositol from
liposomes to mitochondrial membranes [1]. In this
context, it was important to compare the 3D structure of
Ace-AMP1 to the structures of plant ns-LTPs of known in
vitro activity. Since these proteins have rather different
isoelectric points (9 for maize, 10 for wheat, and 8 for
barley ns-LTPs; 11.8 for Ace-AMP1), the comparison was
extended to molecular properties, such as 3D electrostatic
potential or hydrophobicity potential, that can be derived
from the structure and can be related to their function.
Wheat and maize ns-LTPs and Ace-AMP1 are good candi-
dates for such a study because their lipid transfer and
antimicrobial activities in vitro were assessed in compara-
tive tests [1]. The aim of this work was to complement our
recent 3D structure determination of wheat and maize ns-
LTPs [7,8] by building the structure of Ace-AMP1. The
program MODELLER [22] was used with the experimentally
determined ns-LTP structures as template.
Results and discussion 
Sequence alignment
The alignment of 13 ns-LTP proteins, including Ace-
AMP1, is represented in Figure 1. A compilation of the
most frequently found residues allows us to propose a
consensus sequence. This consensus sequence is some-
what different from that previously proposed by
Désormeaux et al. [3], since the number of protein
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Figure 1
Amino acid sequence alignment of plant ns-LTPs and Ace-AMP1 (using the one-letter amino acid code). The last line indicates the consensus
sequence.
sequences considered in the present work is much larger
than in the previous study and the criteria used to estab-
lish the consensus are not strictly identical. A comparison
of the Ace-AMP1 sequence with the ns-LTP sequences
shows that all cysteine and proline residues are conserved.
Two prolines are structurally very important: Pro13 in Ace-
AMP1 numbering induces a kink in the first helix and
Pro70 curves or stops (in wheat ns-LTP) the fourth helix,
thus influencing the position of the C terminus with
respect to the rest of the molecule. In the first half of the
Ace-AMP1 sequence, most substitutions are conservative
relative to the ns-LTP sequences. In contrast, the aspartic
acid residue at position 42 (numbering according to the
Ace-AMP1 sequence) is replaced by a leucine. Consider-
ing the structure of maize ns-LTP [8], Asp42 and Arg43,
which are conserved among all ns-LTPs, are probably
involved in lipid binding. In the second half of the protein
sequence, many nonconservative substitutions are
observed, often involving the substitution of hydrophobic
residues by arginines. A tyrosine at position 81 that is con-
served among the ns-LTP family and is probably also
involved in the lipid binding mechanism is replaced by a
phenylalanine in the Ace-AMP1 sequence. 
When pairwise homologies are considered, high percent-
ages of identities and similarities are found between the
various ns-LTPs (Table 1). The scores are much lower
when comparisons are made between ns-LTPs and Ace-
AMP1. The highest percentage of identity and similarity
is found with maize ns-LTP (32 and 46%, respectively). 
Structure calculations
10 models of Ace-AMP1 were calculated by optimizing the
target function from 10 different initial random conforma-
tions. Nine of them converged to low values of the target
function F and have a good covalent geometry. These
models are not significantly different, since the average
root mean square deviation (rmsd) for the C coordinates
is 1.95 Å ± 0.09. Among these structures, the model having
the maximum number of residues falling in the most
favoured regions of the Ramachandran plot was chosen to
be the representative Ace-AMP1 structure.
Ace-AMP1 model: comparison with the templates
PROMOTIF [23] and PROCHECK [24] analyses show that the
predicted structure of Ace-AMP1 (Fig. 2) includes four -
helices: H1 (6–18), H2 (25–37), H3 (42–56) and H4 (65–72).
Due to the presence of the conservative residue Pro13, the
H1 helix can be divided into two subhelices (6–12 and
14–18), as the hydrogen bond network is broken between
residues 12 and 14. This feature has already been observed
on the template structures, especially on the maize struc-
ture [8]. In contrast, there is no marked effect of the proline
residue at position 70. It induces a slight curvature of the
H4 helix, as in maize and barley ns-LTPs [8,10]. In wheat
ns-LTP, two consecutive prolines at positions 70 and 71
stop the H4 helix, which is therefore shorter than in the
other known ns-LTP structures. Globally, one can observe
slight fluctuations of the helix lengths over the different ns-
LTPs, the largest differences occuring in H4. In Ace-AMP1,
H1 is two residues shorter than in maize or barley ns-LTPs,
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Table 1
Pairwise homologies between ns-LTPs.
Ace- NLTP_ NLTP_ NLTP_ NLT1_ NLTA_ NLTP_ NLTP_ NLTP_ NLTP_ NLTA_ NLTB_ NLTC_
AMP1 ORYSA MAIZE ELECO HORVU WHEAT LYCES TOBAC SPIOL DAUCA RICCO RICCO RICCO 〈similarity〉
Ace-AMP1 50% 46% 49% 49% 54% 50% 52% 45% 43% 52% 48% 50% 49%
NLTP_ORYSA 33% 92% 90% 80% 81% 80% 83% 84% 76% 76% 64% 62% 79%
NLTP_MAIZE 32% 79% 92% 78% 79% 84% 85% 83% 83% 76% 66% 68% 79%
NLTP_ELECO 33% 73% 76% 74% 74% 80% 81% 82% 75% 78% 68% 64% 75%
NLT1_HORVU 31% 65% 57% 48% 91% 70% 70% 67% 69% 66% 55% 61% 69%
NLTA_WHEAT 29% 63% 59% 53% 73% 70% 71% 69% 67% 67% 59% 58% 66%
NLTP_LYCES 29% 56% 56% 51% 53% 49% 93% 86% 77% 67% 58% 64% 74%
NLTP_TOBAC 26% 54% 55% 54% 51% 51% 84% 85% 77% 66% 61% 63% 70%
NLTP_SPIOL 26% 56% 56% 54% 45% 46% 67% 69% 73% 72% 62% 64% 68%
NLTP_DAUCA 27% 52% 57% 51% 48% 43% 58% 56% 55% 65% 55% 58% 59%
NLTA_RICCO 27% 47% 50% 45% 39% 41% 44% 45% 44% 41% 87% 63% 75%
NLTB_RICCO 26% 43% 44% 39% 38% 39% 40% 41% 39% 41% 70% 60% 60%
NLTC_RICCO 27% 31% 35% 29% 31% 28% 34% 32% 33% 28% 39% 38%
〈identity〉 29% 56% 55% 47% 47% 42% 55% 49% 43% 37% 55% 38%
while H2 and H3 have approximately the same length and
H4 is intermediate between maize and wheat structures.
The angles between the helices, as calculated with PROMO-
TIF, are compatible (within 20°) with the values obtained
for ns-LTPs [8]. As observed in ns-LTP structures, the C
terminus of Ace-AMP1 is formed by a series of turns. For
example, a type IV -turn is formed between residues 87
and 90 and is stabilized by a O(87)–N(90) hydrogen bond.
Other turns stabilized by hydrogen bonds are found in the
loops connecting the helices, such as a -turn between
residues 40 and 42. 
The superposition of the C traces of the template struc-
tures and the predicted Ace-AMP1 structure (Fig. 3a–c)
clearly shows that there is a better agreement between the
secondary structure elements than between the variable
loops and the C-terminal regions. Table 2 gives the pair-
wise rmsds of the C coordinates along the sequence for
the whole backbone (residues 3–92 in the consensus
sequence numbering) and thus quantifies the visual
impression given by Figure 3. The smallest rmsds are
found for the residues located in the helical regions. The
largest deviations concern the C terminus, for which few
spatial restraints were generated by MODELLER since the
structural sequence alignment is not efficient in this
region, which also lacks secondary structures. For compari-
son, a superposition of the C trace of maize, wheat and
barley ns-LTPs with Ace-AMP1 is represented in
Figure 3d. This figure and Table 2 show clearly that the
differences between Ace-AMP1 and the three ns-LTPs are
larger than the differences between the ns-LTP structures.
Evaluation
The stereochemical quality of the predicted model as
evaluated by PROCHECK compares favourably with the
templates: about 72% of the residues fall in the most
favourable region of the Ramachandran plot and 24% in
the additional regions. The covalent geometry of the Ace-
AMP1 model is good — there are no deviations from the
ideal values for valence angles exceeding 10° and none of
the planar groups deviates for more than 0.04 Å from pla-
narity. Only three bond lengths deviate by more than
0.05 Å from the ideal values.
A simple way to test the quality of a structure is to inspect
the structure visually on a graphic display. As mentioned
in the Materials and methods section, in the earlier
models generated with MODELLER, two arginines were
orientated toward the protein core and so were not acces-
sible to the solvent. Examination of the alignment
showed that Arg6 (in Ace-AMP1) corresponds to a buried
glutamine (Gln6) in maize ns-LTP. Ace-AMP1 shows a
higher percentage of homology with maize ns-LTP than
with barley and wheat ns-LTPs. Therefore, constraints
issuing from maize ns-LTP had an extra weight com-
pared to others, which may explain the ill position of the
Arg6 sidechain. With respect to Arg35, the difficulties
arise from alignment uncertainties. Compared to Ace-
AMP1, the three template sequences have an additional
residue in the H2 helix. Therefore, the alignment of
Arg35 is presumably not optimal. This leads us to recon-
sider the alignment in this region (from Arg35 to Arg43).
The effect on the structure modelling was a lowering of
the weight allocated to the template structures, leading to
larger conformational freedom of the end of helix H2 and
loop L2. In the same way, the alignment in the C-termi-
nal region has been reconsidered, except for a few
residues (cysteines), since many nonconservative substi-
tutions appear in this region.
The accuracy of the model was tested using 3D profile pro-
grams (PROSA and 3D1D profiles). PROSA [25,26] calculates
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Figure 2
A Molscript [49] stereoview of the global fold
of Ace-AMP1.
the conformational energy of each residue of the protein
from a compilation of potentials of mean force for all amino
acid pairs. The energy profiles of Ace-AMP1 are negative,
corresponding to a correctly folded structure. The com-
bined pair interactions–surface energy z-score [27] calcu-
lated for Ace-AMP1 (z-score = – 4) is in good agreement
with the expected value for a protein of about 100 residues
[27]. This value is, however, much higher than the values
obtained for the X-ray or NMR structures of the maize
protein (around –7.5).
The 3D1D profile method [28] is based on empirical statis-
tic scores. It calculates the local compatibility between a
residue and its structural environment. The global score
for the sequence of Ace-AMP1 (S = 28) is below the values
calculated for the X-ray and NMR structures of maize ns-
LTP (S = 45 and 42, respectively), but is in agreement
with a compilation of values obtained for correctly folded
proteins of the same length [29]. The 3D profile plots of
the Ace-AMP1 model (data not shown) are always larger
than zero, which indicates that most residues lie in a
correct environment.
Hydrophobic cavity
The main feature of the maize and wheat ns-LTP struc-
tures is the existence of an elongated cavity running
through the whole molecule [7,8] (Fig. 4a,b). This cavity
extends from loop L2 to loop L1 and is globally parallel
to the H3 helix. In a previous study, we showed that a
lysolecithine can be inserted in the pocket without major
rearrangements of the protein structure [8]. In order to
determine whether such a hydrophibic cavity is a general
structural feature related to the special fold of these pro-
teins, we looked for cavities in the structures of barley
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Figure 3
Superposition of the Ace-AMP1 global fold
with ns-LTP folds from (a) maize, (b) wheat,
(c) barley and (d) all three. Ace-AMP1 is in
cyan, maize ns-LTP in green, wheat ns-LTP in
yellow and barley ns-LTP in magenta.
Table 2
Pairwise rmsds between ns-LTPs and Ace-AMP1.
Maize ns-LTP Wheat ns-LTP Barley ns-LTP
Ace-AMP1 3.3 (3.1) 3.1 (2.8) 3.1 (2.9)
Maize ns-LTP 2.2 (2.0) 1.8 (1.6)
Wheat ns-LTP 1.8 (1.6)
Pairwise rmsd values calculated on the C atoms for the whole backbone
(and, in brackets, rmsds calculated on the C atoms of the four helices).
ns-LTP and Ace-AMP1 using a home-made program
(J Gomar, unpublished data). Since the size and shape of
the cavity depend on the coordinate data set used, we ana-
lyzed the NMR structure previously selected for molecu-
lar modelling. The calculations confirm our previous
results, in that there is an elongated cavity in the core of
maize and wheat ns-LTP which is closed at one extremity
by a conserved tyrosine. The estimated volumes are
280 Å3 and 380 Å3 for maize and wheat ns-LTPs, respec-
tively. In barley ns-LTP, only a very narrow cavity can be
detected (Fig. 4c). Its shape is also elongated and it is
locked at one extremity by Tyr81 (in Ace-AMP1 number-
ing). Its volume is only 180 Å3, which is not sufficiently
large to accommodate a lipid. In the Ace-AMP1 structure,
we were unable to locate a continuous cavity. The bulky
residues Trp82, Phe66 and Phe81, whose sidechains
plunge into the protein core, prevent the formation of a
large and continuous cavity (Fig. 4d). 
These four proteins, although sharing a similar global 3D
fold, clearly exhibit cavities of different shapes and sizes.
Maize and wheat ns-LTPs, which show lipid transfer and
lipid binding activities in vitro, display a large cavity in
which a lipid can be inserted. It is now essential to system-
atically study the relationships that may exist between the
binding ability of ns-LTPs and their lipid transfer activity.
Electrostatic potential
In order to transfer lipids from a donor membrane to an
acceptor membrane, ns-LTPs have to approach the mem-
brane, to interact with its hydrophilic surface, and presum-
ably to insert into the bilayer accessing the hydrophobic
environment of the lipid acyl chains. Until now, nothing
was known about the ns-LTP–membrane interaction.
Electrostatic forces may play an important role both in
inducing the approach of the membrane and in stabilizing
the complex formed by the protein and the lipids. In this
study, the electrostatic contours of the three ns-LTPs and
Ace-AMP1 were calculated with the DELPHI program [30]
using Amber 4.0 charges. This set of charges was cali-
brated to fit the electrostatic potentials from ab initio
quantum mechanical calculations [31]. Since electrostatic
forces are acting at a distance, we found it to be more
informative to look at the isopotential contours than at the
potential distribution at the molecular surface. Isocontours
at the level +1.25 and –1.25 kJ mol–1 i.e. ± 0.5 kT at room
temperature were drawn (Fig. 5) with the GRASP program
[32] on a face of the protein including the N terminus,
loop L2 and the C terminus. Globally, the four proteins,
except for barley ns-LTP, are surrounded by a positive
potential. The shape of the positive contours and the dis-
tribution of the negative surface contours are different
among the four proteins under study and are more or less
related to the global charge of the proteins: +17e, +6e, +5e
and +2e for Ace-AMP1, maize, wheat and barley ns-LTPs,
respectively. As expected, numerous negative patches are
found in the barley protein in the vicinity of the nega-
tively charged residues (Asp and Glu), but also in the
direction of the two histidine residues His35 and His58. In
the PDB file (PDB code 1lip), these two histidines are not
protonated, which is surprising under the NMR experi-
mental conditions (pH 4.0 [10]). Introduction of positive
charges on the two histidines modifies the electrostatic
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Figure 4
A stereoview of the hydrophobic cavities of (a) maize ns-LTP, 
(b) wheat ns-LTP, (c) barley ns-LTP and (d) Ace-AMP1.
surface contours (Fig. 5) and allows us to find common
features between the three ns-LTPs. The similarities
between the electrostatic contours are related to con-
served residues even though the orientation of these
residues in the three proteins is different. One can
observe one or two positive areas between loop L2 and the
C-terminal tail in the neighbourhood of conserved
arginines (Arg44 and Arg89 for wheat and barley proteins
and Arg46 and Arg91 for maize). This region is surrounded
by three negative patches. The first one is due to the C-
terminal COO- (Val90, Tyr91 and Asn93 for wheat, barley
and maize ns-LTPs, respectively) and the two others to
conserved aspartic acid residues (Asp43 and Asp86 for
wheat and barley and Asp45 and Asp88 for maize).
Depending on the protein considered, the patches are
more or less extended. In maize ns-LTP, for example, the
negative area due to the C-terminal residue is very small
and there is only one large positive contour due to Arg46
and Arg91. On the opposite side of the proteins, the nega-
tive areas correspond to nonconserved residues and have
different positions in the three ns-LTPs.
In contrast to the ns-LTPs, Ace-AMP1 (Fig. 5f) is sur-
rounded only by a positive electrostatic potential, as the
two aspartic acid residues Asp33 and Asp72 are not able to
compensate the effect of the 19 arginines. One can find
only two negative spots on an overall positive surface on
one side of the molecule (the opposite side to L2). 
For comparison, we have also calculated (Fig. 5c) the elec-
trostatic potential for the maize ns-LTP complexed with a
palmitate molecule using the crystallographic coordinates
[9]. The contours are very similar to the contours of the
uncomplexed form except for a region situated between
L2 and the C terminus, where a large negative band is
found. This negative band is exactly situated in the region
where similarities are found in the electrostatic potential
of the three ns-LTPs.
Since we know very little about the lipid transfer or antibi-
otic activities of barley ns-LTP, it is premature to draw
structure/function relashionships. However, it is clear that
the electrostatic potentials of the three ns-LTPs show
common features that do not appear on the Ace-AMP1 con-
tours. The similarities are restricted to the region situated
between loop L2 and the C terminus which is affected
upon lipid binding. This polar region is located at one
extremity of the hydrophobic cavity and one can assume
that it is the interaction site of ns-LTPs with the lipids.
Hydrophobicity potential calculations with the MOLCAD
option of the SYBYL software package [33] show that the
molecular surface of the three proteins is hydrophilic. The
only hydrophobic patches found at the surface of the ns-
LTP molecules are located at both extremities of the
hydrophobic cavity. As expected, the internal surface of
the cavity is hydrophobic.
Conclusions
Even though Ace-AMP1 and ns-LTPs display relatively
few sequence identities and have different functional
properties in vitro, they show a similar global fold.
However, the packing of the sidechains of both classes of
proteins is dissimilar, leading to different organizations of
the protein core. Both maize and wheat ns-LTPs, which
show lipid transfer activity in vitro, display a hydrophobic
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Figure 5
Electrostatic potential contours. The
molecular surface is shown in white. The
isopotential surfaces for values of 0.5 kT e–1
and –0.5 kT e–1 are coloured in blue and red,
respectively. (a) Orientation of the molecules.
Compared to Figure 3, the orientation
corresponds to a rotation of 90° of the
molecule with respect to a horizontal axis.
Loop L3 is in the middle of the picture. 
(b) Maize ns-LTP. (c) Maize ns-LTP
complexed with a palmitate molecule.
(d) Wheat ns-LTP. (e) Barley ns-LTP. 
(f) Ace-AMP1.
cavity in the core of their structure. In Ace-AMP1, which
does not transfer lipids, the cavity is strongly reduced and
discontinuous and its size is too small to accommodate a
lipid. Our results provide evidence for a relationship
between the lipid transfer properties of ns-LTPs and the
existence of a hydrophobic cavity. This conclusion should,
however, be confirmed by the study of other ns-LTPs.
The electrostatic properties of Ace-AMP1 and ns-LTPs are
clearly different. The electrostatic potential is mainly posi-
tive around the Ace-AMP1 structure, while negative zones
appear in ns-LTPs. The distribution of electrostatic poten-
tials on one face of the ns-LTPs shows similar trends in a
well-defined region, which may constitute the interaction
site with the lipid layer. Such similarities are not found for
Ace-AMP1 and suggest, therefore, that Ace-AMP1 and the
ns-LTPs interact differently with membranes.
Such considerations may help in the design of mutagene-
sis experiments. Before this, the efficiency of MODELLER
should be evaluated on Ace-AMP1 by an NMR study. In
this work, our model was based on only 32% identities
with the templates, assuming a similar disulphide network
between Ace-AMP1 and ns-LTPs. Usually, a high identity
is required to get a precise 3D model of a protein with
unknown structure. Regarding the limits of alignment
algorithms, our manual intervention in optimizing this
alignment, and the assumption that Ace-AMP1 structure is
closely related to ns-LTPs, we have to confirm that our
model corresponds to the actual fold of this protein.
However, MODELLER [34] has been shown previously to
predict correctly 90% of mainchain atoms of the human
eosinophil neurotoxin on the base of low sequence identi-
ties to the template (33%).
A new question arises from this study: is Ace-AMP1 a
member of the ns-LTP family? As long as the true physio-
logical role of these proteins remains unclear, it is difficult
to answer this question. Ace-AMP1 and ns-LTPs could
have issued from a common ancestral gene and their
sequences diverged during evolution. Alternatively, they
could have no functional relationships, and one could
assume that the global fold of these small proteins with a
high content of cysteines is under the control of the char-
acteristic network of disulphide bridges.
Materials and methods
Sequence alignment
In a first step, a multiple sequence alignment was generated with MUL-
TALIGN included in the ANTHEPROT package [35] in order to establish a
consensus sequence. 13 different plant ns-LTPs were considered:
Ace-AMP1; rice ns-LTP from Oryza sativa seed [36], Swiss-Prot code
NLTP_ORYSA; barley ns-LTP from Hordeum vulgare seedlings [37],
NLT1_HORVU; tomato ns-LTP from Lycopersicon esculentum seed
[38], NLTP_LYCES; maize ns-LTP from Zea maize seedlings [11],
NLTP_MAIZE; Indian finger millet ns-LTP from Eleusine coracana seed
[39], NTLP_ELECO; wheat ns-LTP from Tricium aestivum seed [3],
NLTA_WHEAT; tobacco ns-LTP from Nicotiana tabacum flowers [40],
NLTP_TOBAC; the isoforms of castor bean ns-LTPs from Ricinus
communis seed [41], referred to as NLTA_RICCO and NLTB_RICCO
and the isoform from Ricinus communis seedlings [42],
NLTC_RICCO; carrot ns-LTP from Daucus carota [15],
NLTP_DAUCA; and spinach ns-LTP from Spinacia oleraceae leaves
[13], NLTP_SPIOL. 
Model building
Ace-AMP1 models were built on the basis of three template proteins,
namely wheat and barley ns-LTP solution structures and the crystal
structure of maize ns-LTP, which does not differ very much from the
NMR model. The various solution structures of wheat and barley
protein being not significantly different, we selected the minimum
energy conformations of each protein as templates for model building.
Comparative molecular modelling is based on a sequence alignment
between the target molecule and the templates. In this work, an itera-
tive procedure was used to align Ace-AMP1 with the three templates.
In a first step, a structural alignment of the three ns-LTPs was per-
formed [22] using SUPERIMPOSE [43]. Two residues were considered to
be aligned when their C–C distance was less than a given cut-off
(5 Å in this work). Ace-AMP1 and the template proteins were then
aligned using MULTALIGN [35]. Preliminary Ace-AMP1 3D structures
were derived from these alignments. The sequences were subse-
quently aligned by a least-square superposition of a Ace-AMP1
selected structure and of the template structures using the dynamic
programming method implemented in MODELLER [22]. The cycle of re-
alignment, modelling and structure evaluation was repeated until no
further improvement on the structure was observed. In the course of
the modelling study, the alignments were manually edited to optimize
the quality of the derived models. 
MODELLER is a modelling program based on the satisfaction of spatial
restraints. Distance and dihedral angle restraints are generated on the
target sequence from its alignment with the template 3D structures and
also from the statistical analysis of a database including 416 known
proteins structures [22,34]. These restraints in combination with
energy terms enforcing the proper covalent geometry are expressed
into a variable objective function [44] which is optimized using simu-
lated annealing and conjugate gradient methods. Disulphide bridge
restraints are automatically generated by the program once the disul-
phide bond pairs in the sequence are specified. From sequence
homologies, four S–S bridges, 4–49, 14–27, 28–73 and 47–89, may
be expected in Ace-AMP1. In the course of the modelling process,
after evaluation (see below) of the models, several automatically
derived restraints were removed and the structures were manually
edited. The sidechains of several arginines located in helices (espe-
cially Arg6 and Arg35) were often found in an unfavourable position, on
the hydrophobic side of the two amphiphilic helices H1 and H2. In this
case, the sidechain atoms were removed and Nilges protocol [45,46]
used to reposition the atoms. The arginine sidechain atoms were posi-
tioned by a simulated annealing at 1000 K using XPLOR software [47].
High harmonic constraints were applied on all other heavy atoms. This
step was followed by 5 ps of constrained standard molecular dynamics
at 300 K. The average structure issuing from the molecular dynamics
was then minimized using CHARMM force field.
Additional restraints, such as NMR restraints, can be specified by the
user. In the course of the modelling study, hydrogen bond constraints
were added on the -helices detected by PROMOTIF analysis. This
allows us to improve the helix geometry. 
Evaluation of the model
10 models were generated by varying the initial structures, randomly
generated in the cartesian coordinates space. A good model corre-
sponds to a low value of the objective function. The PROCHECK program
[24] was used to assess the stereochemical quality of the models.
Additional evaluations were done by various 3D profile programs,
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PROSA [25] and 3D1D [29], and also by examination of the structures on
a graphic display. A representative model was selected and submitted
to further structural analysis and comparisons with other plant ns-LTPs.
This was performed using PROCHECK [24] and PROMOTIF [23] and home-
made programs.
Electrostatic potential calculations and representations
The electrostatic potential was calculated by the DELPHI program [30].
The linear Poisson–Boltzmann equations were solved using on each
protein atom Amber fractional charges [48]. The dielectric constant
was set to 2 inside the protein and to 80 outside. The electrostatic
potential contour surfaces were displayed using GRASP [32].
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